In order to satisfy the strategic needs of energy sustainable development, renewable energy has developed rapidly and the power systems have been transformed to a new generation of power systems. In the renewable energy power generation technologies, the fastest developing wind power generation are highly intermittent and fluctuating. When high penetration of renewable power connects to the power grid and participates in the system dispatch, there will be more difficulties and challenges in the energy balance control. In this paper, a wind-thermal-nuclear-storage combined time division power dispatch strategy based on numerical characteristics of net load is proposed, where a specific thermal generating mode and an unconventional nuclear generating mode are discussed. In the strategy, the dispatch time division method is introduced in detail and the sample entropy theory is used to calculate the net load complexity. An adaptive thermal generating mode is determined according to the numerical characteristics of the net load. The nuclear generating modes of constant power operation, time division operation, and net load tracking time division operation are compared and analyzed, respectively. Finally, the wind-thermal-nuclear-storage combined time division power dispatch strategy aiming at decreasing the ramping power of thermal generators is achieved, and the increasing of the participation of pumped storage and improving of the continuous and steady operation time of thermal generators are realized. The experiment simulation is developed on an actual provincial power system in the northeast of China. The results verify that the thermal generator ramping power in the case based on SampEn are reduced, and the participation of pumped storage is improved. When both of the thermal generating mode and nuclear generating mode are according to the changing of net loads, the ramping powers of thermal generators are further decreased.
Introduction
In order to meet the strategic needs of sustainable energy development, the supply side of the power system tends to be in the clean and low-carbon development and the proportion of renewable energy is expected to reach up to 60% by 2050 [1, 2] . In the power system, the renewable power sources such as wind power and photovoltaic will respond to the load demands together with the traditional thermal generator and nuclear generators. At the same time, the large number of flexible loads such as distributed power and electric vehicles access to the grid, increases the uncertainties on the load side and further increases the response capability requirements of the traditional power supply to the power fluctuation [3] . In the traditional dispatch strategy, the dispatching time interval is constant such as 15, 30 min, and 1 h. Thus, with strong uncertainties in the system, the power outputs of thermal generators need to ramp up and down frequently, which will cause the constantly inlet valve adjustment of the turbine and the frequent changes of the in and out amount of air and coal. These actions will bring difficulties to the actual operation, while aggravating the mechanical wear of the units, waking the operation stability, and shortening the mechanic life [4] . Even the thermal generators need transformation to solve the above problems [5] .
Another important traditional power supply in the power system is the nuclear power. In China, the install capacity of nuclear power will reach 60 million kW and the number of nuclear units under construction with capacity of million kW is around 30 [6] . Nuclear power as a kind of high-capacity clean power energy participates in the power system peak shaving directly to respond to the uncertainty of renewable energy is more common in foreign countries with a high proportion of nuclear install capacity. In France, the overhaul combination mode and daily load-tracking mode are utilized in the power system peak shaving [7] . In China, the nuclear power units are mostly close to the load center and the power grid capacity is large. Thus, some nuclear power plants participate in the system peak shaving through down rating [8, 9] . For example, in the northeast of China, during the winter heating periods, due to the thermal generation has minimum output limits, during the load trough periods, the peak shaving capability and reserve capacity are both insufficient, which will cause wind curtailment. Normally, considering the operation safety, the nuclear units always operate as a base load and they prefer not to assist in the peak shaving [10] . However, due to the large amount renewable power energy access to the power grid, the uncertainties of the system are aggravated. Thus, along with the nuclear capacity increases, the peak shaving of the power system is more different. In order to meet the requirements of the new environment, it is of great significance to determine the operation mode of the thermal units and nuclear units and further provide the accommodative day-ahead power dispatch strategy.
In respect of the issues above, there are many studies on the power dispatch strategy with high proportion of renewable energy [11] [12] [13] [14] [15] [16] . The coordination among multi-sources in the power system that is utilized to improve the consumption of renewable power energy is one of the most important strategies. On the power supply side, the hydroelectric power plants, thermal power plants, gas power plants, etc. are flexible sources to promote their development and utilization [11, 12] . On the load side, the flexible loads such as electric vehicles [13] and energy storage [14] are introduced to increase the system flexibility, which can improve the reserve capability and promote the consumption of renewable energy. The pumped storage is a kind of large, flexible, and fast response capability owning energy storage unit [15, 16] . The coordinated operation of nuclear units and pumped storage is a kind of effective means to improve the peak shaving capability of the system.
Facing the large-scale renewable power access to the power grid, the up and down ramping power of thermal generators is the important factor that affects the load demand response [17] [18] [19] [20] [21] . However, these studies are based on the traditional economic power dispatch, in which the dispatch time interval is stable and the thermal power output should change frequently according to the fluctuation of renewable energy. One of the efficiency means to solve the above difficulties is the analysis from the time dimension. The authors of [22] show a sub-hourly scale dispatch considering the uncertainty caused by renewable energy, in which the generator ramping constraints are taken into account at a sub-hourly scale. The results show that the sub-hourly scale dispatch can improve the flexibility of the system and promote the renewable energy consumption. The authors of [23] provide a day-ahead and auxiliary short-term power dispatch strategy, which realizes the multi-time scale coordination to increase the penetration rate of renewable energy. The authors of [24] introduce the frequency factor of thermal power outputs and build the constraint functions of unit adjustment times. Through optimization, the times of the power ramp up and down are kept within limits. However, the determination of the time limits is subjective and it should be determined according to the numerical characteristics of loads. The authors of [25] study a unit combined dispatch strategy with an enhanced unit ramping ability. The strategy provides the ramping constraints at different time level, which can satisfy all the uncertainty changing of the system on the basis that the predicted load demand is satisfied. However, the excessive reserved ramping power will lead to a waste of resources. The above studies have studied the power dispatch on the perspective of time scale and thermal ramping power limitations, but there is less studies on the power dispatch based on the numerical characteristics of net loads, which can provide an adaption time division power dispatch strategy. Further, the ramping mode of generators can be determined according to the net load numerical characteristics in this paper.
In addition, the description of the load and renewable energy uncertainty will affect the dispatch strategy determination. In this paper, the net load, obtained by the difference between traditional loads and renewable power, is the dispatch objects. There are many uncertainty description methods, such as those we can study and the uncertainty of load and power source, respectively and make them integrated. The stochastic programming model and fuzzy programming model [26] [27] [28] together with the appropriate optimization algorithm are the most common methods to solve uncertainty problems. In addition, we can conduct the numerical analysis on the net loads and analyze the curve trends, volatility, hourly ramping power, and complexity of the net loads [29, 30] . In many numerical analysis methods, the complexity calculation is a reasonable and objective numerical analysis method to reflect the numerical characteristics of time series, such as the information entropy [31] and approximate entropy (ApEn) [32] in the entropy theory. The number requirement of data in ApEn is little and it is suitable for engineering applications [32] . Due to the calculation process of ApEn, it has the comparison of self-data segments in order to avoid the logarithm of zero, which leads to the result of ApEn relying on its data length and has the computational limitation. The SampEn is introduced by Richman based on ApEn [33] . The SampEn is utilized to describe the degree of randomness and complexity of time series. Compared to ApEn, the SampEn retains the advantages of ApEn and reduces the calculation losses of ApEn. SampEn owns a good applicability and consistency and it has been widely used in the complexity calculation [34, 35] .
In this paper, a wind-thermal-nuclear-storage combined time division power dispatch strategy based on numerical characteristics of net load is provided to stablize the generation and increase the operation efficiency of the thermal generators. The net loads are the objects that need to be satisfied in the dispatch. The net load is formed by the results after the renewable energy is consumed by electric loads. The complexity calculation method is introduced and the net load time division method is explained in detail. This strategy focuses on the day-ahead power dispatch and the complexity calculation is based on the forecasted load and renewable energy power outputs. According to the proposed numerical characteristics of net load-based dispatch strategy, the specific thermal generation mode and net load tracking nuclear generation mode are provided. On these bases, the thermal ramping power are reduced; the continuous and stable operating time and the operation efficiency are improved. Moreover, the constant operating mode and net load tracking operating mode of nuclear generators are compared and analyzed. Finally, a simulation model based on an actual provincial power system in the northeast of China is developed. The MATLAB (R2018a, MathWorks, Natick, MA, USA) is used to insulate the efficiency of the proposed dispatch strategy.
The organization of this paper is as follows. Section 2 analyzed the numerical characteristics of the net load and introduced the dispatching time division and complexity calculation method. In Section 3, a wind-thermal-nuclear-storage combined time division power dispatch model is built and studied. In Section 4, the case study and discussion based on an actual provincial power system in the northeast of China are conducted. In the last section, the conclusions are stated.
Numerical Characteristic Analysis of the Net Load
In the traditional power dispatch operation, the dispatching time scales are usually fixed, such as 24 h day-ahead power dispatch and 96 time scale power dispatch. In these power dispatch modes, when the system uncertainties are increased, the power outputs of thermal generators need to be adjusted frequently every hour or 15 min, which will cause the mechanical loss and reduce the operation efficiency. In this section, the numerical characteristics of the net load are analyzed and the generating mode of thermal generators is provided.
The time series of the traditional load is shown as {L l } = l(1), l(2), . . . , l(N) and the uncertain power output time series is shown as {W l } = w(1), w(2), . . . , w(N) . Thus, the time series of net load is defined as {NL l } = nl(1), nl(2), . . . , nl(N) , nl(l) = l(l) − w(l), where, l = 1, 2, . . . , N − 1. The slope of the adjacent point is an important numerical characteristic of the net load. The sign changing of the slope means that the changing direction of net load changes. Conversely, if the slope sign does not change in a certain time interval, the net load conforms to the monotony change in that time interval. The slope of the adjacent points is calculated as Equation (1) shows.
In order to calculate the changing frequency of the net load, the ratio of sign variation to the data is rolling calculated during time interval t l ∼ t l+k , where the l = 1, 2, . . . , N − 1 and k = 1, 2, . . . , N − l. The equation is formulated as follows. equals to −1, the net load at the next moment is smaller than the prior one. Equation (3) is formulated to mark the sign changing of the adjacent slope. trans Slope l equals to 0 means that the sign of the adjacent slope is the same and the changing direction of the net load is not changed; trans Slope l equals to 1 means that the sign of the adjacent slope is changed and the changing direction of the net load is changed. The ratio of slope sign variation to data size is calculated by Equation (4), where the data starting point is l, the data length is k, and the corresponding time interval is t l ∼ t l+k . The calculation process is shown in Figure 1 .
According to the rolling calculation above, a matrix Ratio with (N − 1) × (N − 1) ranks comprised by elements Ratio Slope l,l+k can be achieved. The meaning of lines is the data length and the meaning of rows is the data starting point. In accordance with the time sequence, the Ratio Slope l,l+k is classified according to its value. The similar data are divided in a same time interval, thus the segment points t g of the subsequence are achieved, where t g ∈ T and g = 1, 2, · · · , G. T is the set of segment points and G is the number of the subsequences. The flow chart of net load time division is shown in Figure 2 The detail steps of net load subsequence time division are as follows: First of all, the maximum value Ratio max and the minimum value Ratio min of the upper triangular matrix in Ratio are calculated, where the first line in the matrix is excluded (the first line is the original slope sequence). The starting points and the data length are recorded and the maximum and minimum value of the ratio of slope sign variation to data size are achieved.
Secondly, the recorded data are reset and the matrix in Ratio are upgraded. The minimum value Ratio of the remaining data, excluding 0, is calculated. Further the relative errors of Ratio to Ratio max and Ratio to Ratio min are calculated, after which the Ratio is classified to the group with smaller relative error.
Thirdly, the data length threshold is given and the length of the remaining continuous data is compared with the threshold. If the length of data is longer than the threshold then repeat the second step; on the contrary, if the length of data is shorter than the threshold, the remaining data are classified in the same group. The threshold is determined dynamically according to the divided time intervals, which is usually set as 3 h.
Finally, the starting points and the length of data of the divided time intervals are recorded. The time intervals with the overlapping part are integrated in a same one until there is no overlapping part in each time interval.
The complexity of the net load is calculated by the SampEn theory [36] , which can be formulated as Equations (A1) and (A2) in Appendix A.
Wind-Thermal-Nuclear-Storage Combined Time Division Power Dispatch Model

Thermal Generating Mode
In order to reduce the ramping time of the thermal generators and extend the stable operation time, which can improve the utilization efficiency of traditional power sources and the stability of auxiliary systems, the thermal generator generating mode is determined by the numerical characteristic of net load. The SampEn is introduced to reflect the complexity level of the net load. The SampEn and net load complexity have the positive correlation and the proportion of SampEn is the evaluation criterion of the net load complexity. If the magnitude of the proportion of SampEn in each subsequence is different, the magnitude has priority to be the proportion threshold. If the magnitude of the proportion of SampEn in each subsequence is the same, the proportion threshold is determined according to the actual SampEn calculation results.
The SampEn NetLoad
is the SampEn of the subsequence P NLt τ t τ+1 during the time interval t τ to t τ+1 .
The Ratio
is the proportion of SampEn NetLoad
, which is formulated as Equation (5).
The thermal generating mode according to SampEn is as follows, where the threshold of the proportion is expressed as ϕ.
The more complex the net load time series is, the larger SampEn it has. In a time period with certain length, the data of net load are changing frequently and there is no obvious amplitude changing. Thermal generators prefer to maintain continuous and stable power outputs and the main power balance source is the pumped storage.
If Ratio
The less complex the net load time series is, the smaller SampEn is. In a time period with certain length, there is obviously amplitude changing and the changing will last a certain time. In this time period, thermal generators ramp up and down to respond to the changing of net load and as the main power balance source. The pumped storage with strong peak shaving capability participate in the dispatch coordinates with the thermal generators.
The thermal generating mode with SampEn of net load is formulated as Equations (6) and (7) .
where P j,t is the real power output of unit j at time t. P minj is the jth minimum thermal power outputs and P max, j is the jth maximum thermal power outputs; t τ is the starting time point in the time interval ∆t τ ; t τ+1 is the ending time point in the time interval ∆t τ and also it is the starting time point of the next time interval; ∆t is the column vector composed by the divided time intervals; ∆t τ is the τth time interval in ∆t, where τ = 1, 2, . . . , Γ; Γ is the total amount of the dispatching periods.
Time Division Day-Ahead Power Dispatch Model
Objective Functions
In the time division day-ahead power dispatch model, the thermal generation cost F T , environmental cost F E [13] , which is equivalent to the carbon dioxide emissions and the pumped storage operation cost F H are formulated in Equation (8) . The meanings of the parameters are introduced in Table 5 .
In this paper, T is 24 h and G is the number of the thermal generators of a real provincial power system, which is 17 here. The period of the three objectives is day.
The nuclear power generation cost F N is formulated in Equation (9). The meanings of the parameters are introduced in Table 5 .
According to the 2015 Projected Costs of Generating Electricity reported by the International Energy Agency (IEA) and the Nuclear Energy Agency (NEA), the nuclear power generating costs contain the operational and maintenance cost, fuel cost and waste management cost [37] . The fuel cost and the waste management cost are represented by the coefficient b NU n and the operation and maintenance cost is represented by the coefficient a NU n . The nuclear power unit participating in the peak-shaving of the power dispatch will bring peak-shaving costs. The peak-shaving of the nuclear power unit will raise the auxiliary power ratio and reduce the generating efficiency, further increasing the average generating costs. When the nuclear power unit operation power is decreased from the rated operation power P N R to (1 − λ PD )P N R , where λ PD is the depth of peak-shaving, the operation cost of nuclear power unit operating at (1 − λ PD )P N R is formulated as follows.
where, F NU R is the operation cost under the rated power level; η PS R is the auxiliary power ratio under the rated power level; η PS P is the auxiliary power ratio under (1 − λ PD )P N R power level. Although the shutdown refueling cycle of the nuclear power plant can be adjusted within limits according to the power level of the nuclear units, the nuclear power unit participating in the peak-shaving will cause fuel waste, in general. The nuclear peak-shaving fuel cost is shown in Equation (11).
Thus, the nuclear peak-shaving cost can be formulated as
Constraints
Power Balance Constraints
The power balance constraints at time t are formulated in Equation (13) . The meanings of the parameters are introduced in Table 5 .
where P NL,t can be calculated by
Constraints of Thermal Generators
The constraints contain the generating power limits, the generating ramp rate limits, and the spinning reserve chance constraints. According to reference [38] , the fluctuation of photovoltaic power mainly occurs in the time scale of 5 min, thus in the day-ahead power dispatch, the up and down reserve for wind power need to satisfy a certain probability and for photovoltaic power, the up and down reserve are plus and minus 5% of the predicted photovoltaic power, respectively.
The constraint equations are as follows. The meanings of the parameters are introduced in Table 5 .
The uncertainty of wind power outputs are considered through its probability distribution, which is estimated based on the Beta distribution [39] , shown in Equation (15) . The above chance constraints are solved by the definition of fractile, shown in Equation (16) . The meanings of the parameters are introduced in Table 5 .
The Pumped Storage Operation Constraints
The constraints of pumping and generating power and the reservoir energy conversion of the pumped storage are shown as follows. The meanings of the parameters are introduced in Table 5 .
The Constraints of Nuclear Power Generation
The constraints of nuclear power generation are formulated according to the daily load tracking mode. The nuclear power units are operated at high power level and low power level, the constraints are shown as follows. The meanings of the parameters are introduced in Table 5 .
Case Study
Status Analysis of the Provincial Power Grid
In this paper, an actual provincial power system in the northeast of China is developed to demonstrate the effectiveness of the proposed power dispatch strategy. This power system is the load center of the northeast China power grid, in which the loads are concentrated and the power sources are distributed unevenly. Nowadays, with the increase of the installed capacity of wind power, there are series urgent problems. This province is in the northeast of China, where the coal resources are abundant and the thermal power generation is the main supply power. When the machine and furnace have defects or the quality of the coal is poor, the power resources will be insufficient to meet the load demands. Thus, in this province, the load growth, new generator production, installed capacity of wind power and machine and furnace defects are taken into account and there will be sufficient reserve capacity reserved on the condition that there is no large-scale unplanned units shut down or large area lack of coal units shut down. For example, the annual reserve power in 2015 is more than 4.2 million kW. The superfluous reserve power will cause the waste of resources and does not follow the energy sustainable development strategy [40] . This province is rich in wind energy, but due to the output uncertainty of wind power, the prediction accuracy of wind power is low. During the load trough periods, wind curtailment will occur. The changing tendency of the wind power installed capacity is shown in Figure 3 and the wind curtailment situation of the provincial power grid is shown in Figure 4 .
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In the provincial power grid, there are 91 thermal units with installed capacity of 23,345 MW and 77 wind power units with installed capacity of 6219.61 MW. The thermal generators are integrated as 17 thermal generators based on the regions in the province. There is one pumped storage with installed capacity of 2000 MW and an operation efficiency of 76.5% [41] , whose generation state cost is RMB 750 yuan/MW, pumping state cost is RMB 1000 yuan/MW, and operation state switching cost is RMB 1500 yuan [42, 43] . There are four provincial directly scheduled photovoltaic power stations with the total installed capacity of 40 MW and 15 provincial directly scheduled hydraulic power plants with the total installed capacity of 620.5 MW. There is one nuclear power plant with installed capacity of 2237.58 MW, where the η PS R is 5% and the η PS P is 7%. The operation cost under rated power level is 222.4 yuan/MW·h [44] . The coefficients of fuel cost functions and environmental cost functions for thermal units are shown in Table 7 . In this paper, the case study is conducted based on the provincial power system under maximum operational mode during non-heating periods, in which there are certain amounts of generators and equipment under overhaul. The installed capacity and scale of renewable power energy in 2014 is small, however, according to the national renewable energy and power system development plan, the installed capacity in this paper is extended to 10,000 MW. The load data in a day in late April is chosen and the maximum load is 19,445 MW. Thus, the wind permeability is 51%. The wind permeability is the proportion of wind installed capacity to the maximum load. Under the maximum operation mode during the non-heating periods, all the provincial directly scheduled photovoltaic power stations access the power grid. The generation costs of wind power and photovoltaic are ignored.
SampEn Calculation of the Net Load
The net load curve of the provincial power grid and its slope are shown in Figure 5 . The net load numerical characteristics are analyzed and the complexity are calculated based on SampEn. The results are shown in Table 1 , where the proportion threshold is set as 20%.
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Result Comparison and Analysis
There are four cases in this paper, where the wind power reserve confidence degree is 0.9. Figure 6 shows the thermal power outputs in Case 1. Figure 7 shows the pumped storage power outputs. When the pumped storage is operated as loads, the power outputs are positive and when the pumped storage is operated as power source, the power outputs are negative. The nuclear power output is 1400.93 MW. The total output of thermal generation is 342,101.52 MW, the throughput of pumped storage is 4006.11 MW and the total output of nuclear generation is 33,622.37 MW in a day.
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Discussion
Result Analysis of Case 1 and Case 2
The thermal power outputs in Case 1 and Case 2 are shown in Figures 6 and 8 , respectively. Results in Figure 6 show that the power outputs of the thermal generator change frequently in each time period. In Figure 8 , the thermal power outputs based on SampEn during time periods 5 to 13 and 19 to 24 is constant, respectively. The pumped storage power outputs in Case 1 and Case 2 are shown in Figures 7 and 9 , respectively. In Case 1, the thermal generators satisfy the changing of net loads principally and in Case 2, the dispatch strategy is based on numerical characteristics of net loads and the thermal generation mode is determined based on SampEn of net loads. The pumped storage mainly responds to the changing of net loads during the time periods where the net load complexity is large, thus the participation of pumped storage is increased. In Case 2, the pumped storage throughput is 54.52% more than that in Case 1, which can be found in Table 2 . The nuclear power output in Case 1 is 1400.93 MW and is 2125.63 MW in Case 2, due to which the nuclear generation cost in Case 2 is 34.39% more than Case 1. In Case 2, the dispatch strategy is based on SampEn, in which the sustained and stable operation duration of thermal generators is extended to 8 and 5 h, thus the thermal up and down ramping power is 34.70% and 42.90% lower than those in Case 1, respectively, where the up and down ramping power is the thermal generator ramp up power outputs and ramp down power outputs, respectively. Moreover, the continuous and stable operating time of thermal generators in Case 2 is 5 and 8 h, which means the power output variation times are reduced. Thus, combined with the less ramping power, the dispatch strategy in Case 2 reduced the resource utilization that reduced the wastes of resources. Further, the less times of power output variation, the less adjustments constantly of the inlet valve of the turbine and the changing times of the in and out amount of air and coal. Thus, in a sense, the mechanical loss is reduced and operation efficiency is increased.
Result Analysis of Case 3 and Case 4
The thermal power outputs in Case 3 and Case 4 are shown in Figures 10 and 13 , respectively. The dispatch strategies in Case 3 and Case 4 are both based on SampEn and the thermal generation mode is according to the net load complexity. The thermal power outputs based on SampEn during time periods 5 to 13 and 19 to 24 are constant, respectively. The nuclear power outputs in Case 3 are shown in Figure 12 and the generation mode is '3-12-3-6', which is modified according to the real operation condition and from the '12-3-6-3' generation mode [45] . The nuclear power outputs in Case 4 are shown in Figure 15 and the generation mode is '5-8-6-5'; which is according to the SampEn of the net loads similar to the thermal generation mode. In Case 4, the high power is the upper limit of the nuclear power output and the peak shaving time is 11 h in total, which increases the peak shaving cost. In Case 3, the peak-shaving time is 6 h in total, thus considering the generation cost, the total nuclear operation cost is 40.86% lower than that in Case 4. However, in Case 4, the nuclear generation mode and thermal generation mode are both according to the complexity of the net loads, due to which the matched-degree between power and load is high. It can be seen in Figure 16 , that the total thermal power outputs of most of the units in Case 4 are less than in Case 3. Moreover, the total thermal power output in Case 4 is 3.44% less than that in Case 3, which can be found in Table 3 . Again, since the nuclear generation mode and thermal generation mode are both according to the complexity of the net loads in Case 4, the thermal up and down ramping power is 18.4% and 13.75% lower than those in Case 3, respectively. The dispatch strategies in Case 3 and Case 4 are both based on SampEn and the pumped storage mainly responds to the changing of net loads. In Case 4, the pumped storage throughput is 12.72% more than that in Case 3. Thus, it can be seen that in Case 4, where the nuclear generation mode and thermal generation mode are both according to the complexity of the net loads, the participation of pumped storage is higher than in Case 3, where only thermal generation mode is according to the complexity of the net loads.
Result Analysis of Case 2 and Case 4
The thermal power outputs in Case 2 and Case 4 are shown in Figures 8 and 13 , respectively. The thermal generation modes of these two cases are both based on the SampEn. However, in Case 2, the nuclear generation power is constant in all time periods, and in Case 1, the generation power is according to the SampEn of net loads. Thus, in Case 2, there is no nuclear peak-shaving cost and the cost is 34.06% lower than that in Case 4. Due to the nuclear is operating at a high power level in Case 2, the thermal generation cost is 4.62% lower than that in Case 4. Thus, the total cost is 5.92% lower than that in Case 4. Although, the economy of Case 2 is better than Case 4, the thermal ramping power in Case 4 is lower than that in Case 2. The nuclear generation mode in Case 4 assists thermal generators to respond to the net load fluctuation. Therefore, in Case 4, the thermal up and down ramping power are 5.19% and 10.27% lower than those in Case 2, respectively. Further, the pumped storage throughput is 1.67% lower than that in Case 2.
Glossary/Nomenclature/Abbreviations
The glossary, nomenclature and abbreviations are shown in Tables 5 and 6. The coefficients are shown in Table 7 . The ratio of slope sign variation to data size k
The data length t g
The segment points T
The set of segment points
Ratio
The matrix with (N − 1) × (N − 1) ranks comprised by elements Ratio The distance of the subsequence P NL (i) and P NL ( j) r NL The tolerance level m NL
The dimension of subsequence STD NL
The standard deviation of NL B m NL NLi (r NL ) The actual average over all the vectors 
Parameters Meaning
SampEn NetLoad
The sSample eEntropy of the subsequence during the time interval t τ to t τ+1
The proportion of SampEn NetLoad
The threshold of the proportion P j,t (MW)
The real power output of unit j at time t P min j (MW)
The minimum power outputs of P j,t P max,j (MW)
The maximum power outputs of P j,t ∆t τ
The time interval ∆t
The column vector composed by the divided time intervals Γ
The total amount of the dispatching periods F T (yuan)
The thermal generation cost F E (kg)
The environmental cost F H (yuan)
The pumped storage operation cost G
The number of the dispatchable thermal units H
The dispatchable pumped storage units T
The number of hours in a day a j (yuan/MW 2 )
The coefficients of fuel cost functions for thermal unit j b j (yuan/MW)
The coefficients of fuel cost functions for thermal unit j c j (yuan)
The coefficients of fuel cost functions for thermal unit j α j (kg/MW 2 h)
The coefficients of environmental cost for thermal unit j β j (kg/MW h)
The coefficients of environmental cost for thermal unit j The predicted wind power of wind farm w at time t P pre S,s,t (MW)
The predicted photovoltaic power of photovoltaic station s at time t W
The total number of the wind farms S
The total number of the photovoltaic power stations RU j (MW)
The ramp-up rate limits of the ith thermal generator RD j (MW)
The ramp-down rate limits of the ith thermal generator The maximum power storage of reservoir P N,I (MW)
The power output before the first time peak -shaving P N,II (MW)
The power output before the second time peak -shaving T The minimum operation duration of nuclear power units operation at P N,II λ PD,max
The maximum peak -shaving depth 
Conclusions
In this paper, a wind-thermal-nuclear-storage combined time division power dispatch strategy based on numerical characteristics of net load is proposed which focuses on the adaption dispatch time interval and thermal generation mode determination after high proportion wind and solar energies accessed to the power grid. A specific generating mode of thermal generators is determined. The nuclear generating modes of constant power operation, time division operation, and net load tracking time division operation are compared and analyzed. The conclusions based on the actual provincial power system are as follows:
1.
In the provided wind-thermal-nuclear-storage combined time division power dispatch strategy, the net loads are the objects that need to be satisfied in the dispatch which are formed by the results of the renewable energy consumed by electric loads. In the strategy, the curtailment of renewable power is not allowed, which maximized the renewable energy utilization efficiency.
2.
A net load time division method is explained in detail, which can segment the dispatch time interval according to the numerical characteristics of the net loads. Further, the calculation process of the net loads SampEn is provided in detail, which can reflect the complexity of net loads. Further, the fitted thermal generation mode and nuclear generation mode are determined depending on the net load numerical characteristics.
3.
In the dispatch strategy with SampEn in Case 2, the throughput of the pumped storage 2 is 54.52% more than that without SampEn in Case 1, thus the dispatch strategy with SampEn improved the interaction between pumped storage and renewable energies. Moreover, the thermal generator ramping time periods are reduced and the up and down ramping power in Case 2 based on SampEn are 34.70% and 42.90% lower than that without SampEn in Case 1. Therefore, the duration of thermal generator stable operation is increased and the stability of the system is improved.
4.
The nuclear generating mode of constant generation mode, time division generation mode, and net load tracking generation mode are compared and analyzed. The constant generation with a high power level of nuclear in Case 2 is with a highest economy and the peak shaving of nuclear generation is prevented. The net load tracking generation mode in Case 4 achieved the lowest up and down ramping power of thermal generators. Thus, we can draw a conclusion that the economy pursuit generation mode of nuclear can be the constant generation mode at a high power level and the thermal generation stability friendly generation mode of nuclear can be the net load tracking generation mode. 
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Appendix A
The time series P NetLoad i = p NL (1), p NL (2), . . . , p NL (T NL ) is the subsequence of the net load. The equations are as follows.
. . . SampEn NetLoad (r NL , m NL ) = lim
where, i = 1, 2, . . . , T NL − m NL + 1 and m NL is the dimension of subsequence, which usually equal to 2 or 3; the D NL m NL ij (P NL (i), P NL ( j)) is the distance of the subsequence P NL (i) and P NL ( j), and j = 1, 2, . . . , T NL − m NL + 1, j i; the D NL m NL ij (P NL (i), P NL ( j)) is the maximum distance between P NL (i) and P NL ( j); the r NL means the tolerance level of the similarity between two states. In this paper, the r NL was set 0.2 × STD NL , and STD NL is the standard deviation of NL; the B m NL NLi (r NL ) means the actual vector average; the above equations need to be calculated twice with another dimension m + 1 and the B m NL +1 Avg (r NL ) is achieved; the SampEn NetLoad (r NL , m NL ) means the sample entropy theoretically. T NL is the length of time series. In practice, when T NL is finite, SampEn is described as follows.
SampEn NetLoad (r NL , m NL , T NL ) = − ln B m NL +1 Avg (r NL )/B m NL Avg (r NL ) (A2)
